Background: Proton beam therapy (PBT) reduces normal organ dose compared to intensity modulated radiation therapy (IMXT) for prostate cancer patients who receive pelvic radiation therapy. It is not known whether this dosimetric advantage results in less gastrointestinal (GI) and genitourinary (GU) toxicity than would be expected from IMXT. Material and methods: We evaluated treatment parameters and toxicity outcomes for non-metastatic prostate cancer patients who received pelvic radiation therapy and enrolled on the PCG REG001-09 trial. Patients who received X-ray therapy and/or brachytherapy were excluded. Of 3210 total enrolled prostate cancer patients, 85 received prostate and pelvic radiation therapy exclusively with PBT. Most had clinically and radiographically negative lymph nodes although 6 had pelvic nodal disease and one also had para-aortic involvement. Pelvic radiation therapy was delivered using either 2 fields (opposed laterals) or 3 fields (opposed laterals and a posterior beam). Median pelvic dose was 46.9 GyE (range 39.7-56) in 25 fractions (range 24-30). Median boost dose to the prostate þ/À seminal vesicles was 30 GyE (range 20-41.4) in 16 fractions (range 10-24). Results: Median follow-up was 14.5 months (range 2.8-49.2). Acute grade 1, 2, and 3 GI toxicity rates were 16.4, 2.4, 0%, respectively. Acute grade 1, 2, and 3 GU toxicity rates were 60, 34.1, 0%, respectively. Conclusions: Prostate cancer patients who receive pelvic radiation therapy using PBT experience significantly less acute GI toxicity than is expected using IMXT. Further investigation is warranted to confirm whether this favorable acute GI toxicity profile is related to small bowel sparing from PBT.
Introduction
Whole pelvic radiation therapy (WPRT) is commonly used for intermediate and high-risk prostate cancer patients who have an increased risk of subclinical pelvic nodal involvement despite several randomized trials not showing a survival benefit compared to prostate only radiation therapy (PORT) [1] [2] [3] . The inclusion of pelvic nodes exposes a larger volume of the pelvis to unintentional and unwanted radiation dose, and this has been associated with increased gastrointestinal (GI) and genitourinary (GU) toxicities with conventional X-ray therapy [4] . Intensity modulated radiation therapy (IMXT) has improved pelvic organ sparing compared to older X-ray therapy techniques, especially that of the small bowel [5, 6] and this has consequently reduced morbidity [7] [8] [9] [10] [11] [12] [13] . However, the price paid for the high-dose conformality of IMXT is that low doses up to around 20 Gy are spread to a large volume of the normal pelvis. While the significance of this 'low dose bath' may be overlooked, a strong relationship between low dose received by small bowel and acute GI toxicity has been clearly established and therefore should be a high priority during treatment planning [14] [15] [16] [17] [18] . With this in mind it should not be surprising that acute GI toxicity is consistently reported as being higher in prostate cancer patients who receive WPRT compared to those who receive PORT. For instance, investigators at the University of Pennsylvania who treated patients with IMXT reported a 50% incidence of acute grade 2 GI toxicity among WPRT patients compared to 13% among PORT patients (p ¼ .006) [11] .
Proton beam therapy (PBT) has the distinct benefit over X-ray therapy of having no exit dose distal to the target. Published results of PBT studies for prostate cancer patients have been favorable and indicate that patients maintain excellent quality of life after treatment [19] [20] [21] [22] [23] [24] . Investigators at M.D. Anderson Cancer Center, for instance, published quality of life and toxicity outcomes from 226 men who received PBT of which only one experienced grade 3 GI toxicity and none experienced grade 3 GU toxicity [21] . Long-term outcomes of image-guided accelerated hypofractionated PBT in 215 low-and intermediate-risk prostate cancer patients were recently reported from the University of Florida that included 5-year freedom from 95.9% biochemical disease progression, 0.5% grade 3 or higher GI toxicity, and 1.7% grade 3 or higher GU toxicity [24] .
Target volumes from contemporary prostate cancer PBT studies, however, have predominantly included the only prostate with or without a portion of the seminal vesicles. As such, there is a lack of published cancer-related and toxicity outcomes for prostate cancer patients who receive pelvic nodal irradiation. Based on published dosimetric comparisons showing that pelvic radiation delivered with PBT has the ability to provide remarkable small bowel sparing compared to IMXT for prostate cancer patients [25] [26] [27] [28] , our hypothesis for this study was that acute GI toxicity is less for patients treated with PBT compared to historical IMRT control.
Material and methods
A multi-institutional prospective database of patients treated with PBT on a registry trial was queried to identify patients who received definitive radiation therapy for prostate cancer. Patients were required to have received pelvic lymph node irradiation for inclusion in this study. Patients who received X-ray therapy or brachytherapy were excluded to create a study population that was exclusively treated with PBT. Patients who received pelvic re-irradiation were also excluded.
Of a total 3210 prostate cancer patients in the registry trial database, 85 met criteria for inclusion. These 85 patients were treated across 7 institutions from 2010 to 2016; the median number treated per institution was 12 (range, 2-23). The number of patients included in this study treated by year increased from 6 (2010-2012) to 27 (2013-2014) to 42 (2015-2016) .
Patient and tumor characteristics in addition to treatment details were collected (Table 1) . Initial staging included computerized tomography (CT) scan in 72.9% of patients and magnetic resonance imaging (MRI) scan in 58.8%. CT simulation was performed in the supine position with a custom immobilization device. Patients were advised to have an empty rectum prior to simulation and treatment. Instructions for bladder filling varied between institutions, but generally consisted of the patient either having a comfortably full bladder, or otherwise voiding and then drinking approximately 470 cm 3 (16 ounces) of water prior to simulation and treatment.
The clinical target volume (CTV) encompassing elective pelvic lymph nodes was contoured as per Radiation Therapy Oncology Group (RTOG) guidelines with the superior border at the L5/S1 interface [29] . The only exception to this was 1 institution that instead used the caudal extent of the sacroiliac joints; this institution contributed 11 patients. A 5 mm planning target volume (PTV) expansion was added to the elective pelvic lymph node CTV. A boost was delivered to the entire prostate and typically at least the proximal 2 cm of the seminal vesicles (SVs) although the extent of SV coverage varied and included the entire SV in some patients depending on the extent of disease including direct SV invasion.
The PTV expansion of the prostate ± SV was 5-6 mm except 3-5 mm posteriorly. For the node-positive patients, all grossly involved lymph nodes were contoured and a 5-7 mm PTV expansion was used.
Pelvic radiation therapy was delivered using either 2 fields (opposed laterals) or 3 fields (opposed laterals and a posterior beam). The prostate ± SV and gross nodal boosts were typically delivered using lateral fields. Beam-specific PTV expansions consisting of 3% Hounsfield unit density uncertainty plus 1 mm were used to account for distal and proximal range uncertainty. The registry trial did not require documentation of intraprostatic fiducial markers, rectal balloon, or hydrogel rectal spacer utilization. However, most treating institutions routinely recommended that fiducial markers be placed to facilitate daily image guidance with orthogonal kilovoltage X-rays or cone beam CT (available at 2 institutions starting in 2015). Patient setup was most commonly done first with alignment to bony and then to fiducial markers if present. Based on institutional practice patterns and the number of patients contributed by institution, we estimate that approximately 20% of the patients were treated with a hydrogel rectal spacer and 20% were treated with a rectal balloon; no institution used both in the same patient.
Acute GI and GU toxicities were determined for each patient according to Common Terminology Criteria for Adverse Events (CTCAE) version 4.0 criteria (Table 2) and were considered to have occurred during or within 3 months from the completion of PBT. The maximum toxicity reported for each patient was evaluated. A physician prospectively scored all toxicities at the time of initial consultation, at least once weekly during treatment, and at each follow-up encounter. Follow-up was performed typically every 3 months and included at least yearly digital rectal examination and PSA evaluation at least every 6 months. Importantly, toxicity evaluation performed outside of the treating institution at any time was not considered for this analysis.
While there was variability in dose-volume constraints across institutions, the most commonly used were: bladder V80 < 8cc, V70 < 10%, V50 < 35%; rectum V70 < 10%, V50 < 35%; femoral heads V50 < 1 cc; penile bulb mean 52.5 Gy; small bowel maximum 55 Gy.
Results
Patient and tumor characteristics are summarized in Table 1 . Briefly, the median age was 69 years (range, 53.9-79.9) and nearly 80% had a Gleason score of !8 while almost twothirds had clinical T2-3 disease. The median prostate specific antigen (PSA) immediately prior to PBT was 8.21 ng/mL (range, 0.1-126.18) although 51 patients (60%) received neoadjuvant ADT. Six patients (7.1%) were staged as N1 although details about the extent of nodal disease including size, number, and location in the pelvis were not available; para-aortic nodal involvement was present in one patient with pelvic nodal disease.
Most patients were treated with pencil beam scanning (PBS) (68.2%); the remainder was treated with uniform scanning (US) (31.8%). Only one institution exclusively treated patients with US while two that initially used US transitioned 35-54) . Each of the 6 node-positive patients received a boost to the clinically involved lymph node(s) to a total median dose of 66.5 GyE (range, 59.4-70.6) in 37 fractions (range, 30-44); 4 of the 6 were treated with US.
The median follow-up for all patients was 14.5 months (range 2.8-49.2). The numbers of patients with follow-up of at least 12 and 24 months were 43 (50.6%) and 18 (21.2%), respectively.
The maximum GI and GU toxicities for each patient are listed in Table 2 . Acute grade 2 GI toxicity was reported in only 2 patients (2.4%) who experienced diarrhea or proctitis, respectively. There was no acute grade 3 or higher GI toxicity. Acute grade 2 GU toxicity occurred in 29 patients (34.1%), and most commonly consisted of urinary frequency. There was no acute grade 3 or higher GU toxicity. Among these 29 patients the median baseline International Prostate Symptom Score (IPSS) immediately prior to PBT was 8 (range, 0-25), which was significantly higher than all other patients (8 vs. 4; p ¼ .01). Of note, 5 of the 6 patients with node-positive disease experienced acute grade 2 GU toxicity despite their low median baseline IPSS of 3.5 (range, 0-23). The frequency of all individual GI and GU toxicities (not limited to the maximum) in each patient are shown in Figures 1 and 2 , respectively.
Discussion
Because of an increased risk of pelvic nodal involvement in patients with intermediate and high-risk prostate cancer, pelvic lymph nodal irradiation remains clinically intriguing even though several randomized trials have failed to demonstrate that a survival benefit exists for whole pelvic radiation therapy (WPRT) compared to prostate only radiation therapy (PORT) [1] [2] [3] . If it were not for the fear of increasing the complication rate with pelvic nodal irradiation, this would be less of an issue.
The tradeoff for treating pelvic lymph nodes vs. only the prostate is a higher dose to pelvic organs, especially the small bowel and bladder, which consequently increases the likelihood of gastrointestinal (GI) and genitourinary (GU) morbidity. In Radiation Therapy Oncology Group (RTOG) 9413 that used a conventional X-ray technique, the incidence of acute grade 2 GI toxicity in the WPRT arm was 16.3% higher than in the PORT arm and there was also a trend towards increased late grade 3 GU toxicity [30] . Some studies have reported no difference in toxicity between WPRT and PORT although this might be explained by treatment technique [31, 32] . For example, the GETUG-01 study reported no difference in toxicity with the superior border of the pelvic field being placed at the S1/S2 interface instead of the more commonly used L5/S1 interface, thus including less normal tissue in the pelvic field [32] . Outcomes of PBT for localized prostate cancer have been at least comparable to that of IMXT, although most published reports have focused on patients who received treatment to the prostate ± seminal vesicles and excluding pelvic lymph nodes. The most mature data of PBT for prostate cancer comes from Loma Linda although most were treated with combination of X-rays and protons (n ¼ 731). With median follow-up of 63 months the biochemical failure free survival was 75% while grade 3 toxicity was minimal [19] . Favorable quality of life and toxicity outcomes have more recently been reported by several groups [21, 24, [33] [34] [35] . Investigators at the University of Florida found minimal changes in bowel, urinary, and sexual quality of life scores after PBT to the prostate [33] and a later analysis from the same institution reported low rates of grade 2 or higher GI toxicity that predominantly consisted of transient rectal bleeding [34] . Gray and colleagues observed a clinically meaningful reduction in bowel quality of life at initial follow-up in patients who received X-ray therapy although there was no such decrease in patients who received PBT [35] . However, robust toxicity and quality of life data do not exist specifically for prostate cancer patients who receive pelvic nodal irradiation.
To our knowledge this is the first prospective assessment of toxicity in prostate cancer patients who received doseescalated PBT with inclusion of pelvic lymph nodes. Only two patients (2.4%) experienced grade 2 or higher acute GI toxicity, which is striking compared to rates as high as 50% from IMXT (Table 3) [8, 11, 36] . As a matter of fact, the incidence of acute grade 2 or higher GI toxicity is consistent with that reported after treating the prostate alone [24, 37] . Although we did not distinguish rectal from non-rectal toxicities in our analysis, others have reported low rates of rectal toxicity as a result of PBT for prostate cancer [34] . The very low incidence of GI toxicity is even more intriguing when one considers that (1) proton target volumes are typically larger than their X-ray counterparts due to additional beamspecific uncertainty margin, and (2) that several patients had clinically positive pelvic lymph nodes which were boosted to a median dose exceeding 66 GyE, strongly suggesting that PBT was able to spare a large volume of normal pelvic tissue, especially small bowel. We recognize that these outcomes are difficult to interpret in the context of our study with the lack of dosimetric information.
While the acute GI toxicity rate reported in our study is low, this is not unexpected given then expected sparing of small bowel achieved with PBT. A strong relationship between low small bowel dose and acute GI toxicity has been well established in rectal [14, 15] , anal canal [16] , and gynecologic [17] cancer patients. Moreover, Fiorino et al. found that the V40-50 of the intestinal cavity was a main predictor of acute bowel toxicity in a study of 191 prostate cancer patients who received WPRT [38] . Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) guidelines recommend restricting the volume of small bowel receiving at least 15 Gy; however, this is routinely not achievable in pelvic patients even using the most sophisticated X-ray techniques [39] .
In silico comparisons of PBT and IMXT for prostate and elective pelvic lymph node irradiation have demonstrated that small bowel sparing at low and moderate doses is superior with PBT. Chera [26] . Subsequent publications by Vees et al. [27] and Widesott et al. [28] support these findings. Figure 2 shows a patient in which a significant volume of small bowel was spared from the 10 Gy isodose line; this is likely representative of what was achieved in the remainder of patients in this study.
Because urethral dose is a primary driver of GU toxicity, it is not surprising that acute GU toxicity observed in our study (34.1%) was consistent with what has been reported by IMXT series (13-50%) [8] [9] [10] [11] [12] . Zelefsky et al. reported no reduction in acute GU toxicity using IMXT compared to 3DCRT despite improved bladder dosimetry [40] . Reported GU toxicity with image-guided PBT for prostate cancer has also been similarly low [41, 42] . Furthermore, although PBT reduces the volume of bladder exposed to low doses compared to photon therapy [26] [27] [28] a clear relationship between GU toxicity and low bladder dose has not been demonstrated [11, 43] . We note that the patients who experienced more significant GU morbidity in our study had higher baseline IPSS values. Also, most of the node-positive patients who received a nodal boost experienced grade 2 GU toxicity.
While PBT almost certainly played a pivotal role in minimizing toxicities, other treatment-related factors should also be considered. First, toxicity may have been reduced on account of hydrogel rectal spacer use [44] . Second, tight target volume margins were used, which was made feasible by the regular use of fiducial markers and daily image guidance including cone beam CT at some centers [36] . Third, more than two-thirds of the patients were treated with PBS although whether toxicities would have differed if only PBS was used, especially in the context of treating node-positive patients, is unknown. Finally, it is possible that ADT may have affected our toxicity outcomes, especially in view of the fact that nearly 80% of the patients in our study received concurrent ADT. A secondary analysis of 3 RTOG studies (8531, 8610, 9202) showed that patients who received shortterm ADT were less likely to experience grade 3 or higher GI (p ¼ .0006) and GU (p ¼ .0037) toxicity compared to those who received RT alone [45] . On the contrary, Feigenberg and colleagues reported increased 5-year risk of grade 2 or higher Table 3 . Acute gastrointestinal (GI) and genitourinary (GU) toxicity in prostate cancer patients treated to pelvic lymph nodes with intensity modulated radiation therapy compared to the current study. GI (26 vs. 17%; p ¼ .017) and GU (14 vs. 8%; p ¼ .02) morbidity with the use of long-term ADT [46] . There are limitations of this study, the foremost of which is the absence of dosimetric information, especially with regards to small bowel dose. However, all treating institutions used similar treatment planning goals. Second, although toxicity scoring was done in a prospective manner because of the multi-institutional nature of the registry trial the scoring was done by many different people, which likely influenced the overall scoring. Third, our follow-up was rather short (median 14.5 months) and therefore, we cannot adequately assess late toxicities at this time, although certainly intend to in the future.
In conclusion, pelvic lymph node PBT results in dramatically reduced acute GI toxicity as compared to what is expected when similar patients are treated with IMXT for prostate cancer. These data provide support for prospective evaluation of outcomes in prostate cancer patients treated with PBT to the pelvic lymph nodes. An ongoing trial (NCT02874014) is evaluating PBT for treatment of the prostate and pelvic nodes with the primary endpoint of late grade 3 or higher GI and GU toxicity.
Disclosure statement
The authors report no conflict of interest.
